Human umbilical vein endothelial cells cultured on a collagen lattice were used to study the effects of the interaction between human monocytes and endothelial cells on the production of type 1 plasminogen activator inhibitor (PAI-1) by endothelial cells. The effects of adherence and transendothelial migration of monocytes on endothelial PAL1 release were compared with those of other leukocytes, conditioned media from monocytes, and interleukin-1 /3 (lL-l/3). Because the cell culture system used allows simultaneous analysis of the lumenal and the subendothelial compartment of endothelial cell monolayers, we also studied into which direction PAL1 is released by endothelial cells. Under quiescent conditions, the net amount of PAI-I accumulated at the lumenal side was twofold higher than that accumulated at the subendothelial side (about 2.0 pg PAI-1 /lo6 cells and 1 .I pg PAI-1 /lo6 cells, respectively, in 24 hours), as analyzed by a quantitative immunoradiometric assay (IRMA). Direct cell-cell contact between highly purified monocytes and endothelial cells strongly enhanced
the PAI-1 release by endothelial cells in a dose-dependent way, whereas lymphocytes and neutrophils did not affect endothelial PAI-1 production. The monocyte-mediated increase was first detected after 12 hours of incubation and lasted for at least 48 hours. In the presence of two monocytes per endothelial cell, the increases of PAI-1 at the lumenal side and at the subendothelial side were 87% and 32% in 24 hours, respectively. The effect of IL-l/3 on PAI-1 release by endothelial cells closely resembled that observed for monocytes. Monocyte-conditioned medium contained heat-labile product(s1 which also, although to a much lesser extent than intact monocytes, enhanced endothelial PAI-1 release. Similarly, monocytes cultured on top endothelial cell separated by a microporous filter enhanced the release of PAI-1 to a lesser extent. Thus, these findings indicate that monocytes enhance endothelial PAL1 release by mechanisms that are, at least in part, dependent on cell-cell contact. 0 1990 by The American Society of Hematology.
monocytes becomes apparent only when endothelial cells and monocytes are in close proximity. Pertinent to this point is the observation that granulocytes are particularly effective in affecting the integrity of endothelial cells when they are in close ont tact.'^.'' It seems possible, therefore, that monocytes are also more effective in modulating endothelial cell function when they adhere to, or migrate through, the vascular endothelium.
In the present study we have directly compared the effects of IL-1, secretory products from monocytes, and adherence of intact monocytes on the production of PAI-1 by human umbilical vein endothelial cells (HUVECS). To examine the effects of monocyte adherence and transendothelial migration on PAI-1 production by endothelial cells in detail, we used a cell culture system consisting of endothelial cells cultured on a loose collagen matrix. Previously, we and others have shown that endothelial cells grown under these conditions allow a more complete analysis of endothelial cell function than endothelial cells grown on conventional impermeable Unlike cells cultured on polystyrene substrates, cells cultured on collagen gels permit analysis of endothelial cell products secreted into both the lumenal and the basolateral direction. Our results indicate that close contact of monocytes and endothelial cells and, although to a much lesser extent, the secretory products from monocytes, enhance the biosynthesis of PAI-1 by endothelial cells. We also demonstrate that in cultures of unstimulated as well as stimulated endothelial cells, PAI-1 is accumulated both at the lumenal and subendothelial side.
MATERIALS AND METHODS

Cell Culture
Endothelial cells were isolated from human umbilical cord veins according to Jaffe et aI,'* with some minor mcdifications.19 Cells were first cultured in plastic flasks (80 cm2) precoated with fibronectin. Culture medium consisted of an equal volume of RPMI-1640
MONOCYTES ENHANCE ENDOTHELIAL PAL1 RELEASE
2273
and Medium-I99 (both from GIBCO, Paisley, UK), 20% heatinactivated human serum (pool of healthy donors) supplemented with 2 mmol/L glutamine (Merck, Darmstadt, FRG), penicillin (100 U/mL), streptomycin (100 pg/mL), and fungizone (2.5 pg/mL) (GIBCO). Confluent endothelial cell cultures (either first or second passage) were harvested with trypsin/EDTA (GIBCO), and were subcultured (4 x lo4 endothelial cells/cm2) on collagen lattices (see below) or fibronectin-coated 48-well or 24-well microtiter plates (no. 35 18; Costar, Badhoevedorp, The Netherlands). Endothelial cells were subcultured in culture medium in which human serum was replaced by 7% fetal calf serum (FCS; no. 011.06290, GIBCO), insulin from bovine pancreas (10 pg/mL; Sigma, St Louis, MO), and human transferrin (20 pg/mL; Sigma) (FCS-medium). Endothelial cells grew to confluence in 24 hours; confluency was determined by May-Grtinwald/Giemsa staining.
Preparation of Collagen Matrices
A solution of calf skin collagen (0.4% wt/vol) (Sigma; type 111) was allowed to form a gel at 37OC for 60 minutes in 48-well (0.25 mL) and 24-well (0.4 mL) microtiter dishes2' After polymerization of the collagen, the gels were sterilized by exposure to UV light for 30 minutes.
Leukocytes
Monocytes were isolated from buffy wats of 500 mL blood anticoagulated with 0.4% (wt/vol) trisodium citrate (pH 7.4) obtained from healthy volunteers, as described previously.21 In short, the buffy coat was diluted three times with phosphatebuffered saline (PBS) containing 13 mmol/L trisodium citrate and was centrifuged (20 minutes, 1,OOOg) at room temperature over Percoll (specific gravity at room temperature 1 .077/cm3, Pharmacia, U p p sala, Sweden). Thereafter, monocytes were isolated from the upper fraction of the Percoll gradient (the mononuclear cells) by countercurrent centrifugal elutriation. Purified monocytes (8 x 10S/mL) were resuspended in serum-free medium, ie, FCS-medium in which FCS was replaced by pyrogen-free human serum albumin (0.5% wt/vol; Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam). Monocytes were either directly added to the endothelial cell monolayers or cultured for 24 hours on fibronectin-precoated 80-cm2 flasks (8 x 10S/mL) to obtain monocyte-conditioned medium. After 24 hours of culture, the media were collected, centrifuged (10 minutes, 1,50Og), and stored at -2OOC. Media from monocytes cultured for 24 hours under serum-free conditions contained less than 0.2 ng endotoxin per milliliter, as determined by the Limulus amoebocyte assay (Whittaker M.A. Bioproducts, Walkersville, MD).
Neutrophils and lymphocytes. Neutrophils were isolated from the pellet fraction of the Percoll gradient according to Roos and loo^.^^ Lymphocytes were isolated from the upper fraction of the Percoll gradient by counter current centrifugal elutriation as has been described.2' Purified leukocytes were resuspended (8 x lo5/ mL) in serum-free medium.
Monocytes.
Experimental Design (I) . Endothelial cell monolayers cultured on collagen lattices or fibronectin-coated polystyrene 48 wells were washed twice with 0.5 mL of serum-free medium (37OC). Thereafter, the monolayers were incubated at 37OC with 0.25 mL of either: A, serum-free medium (control); B, purified leukocytes (2 x lo5 cells/well, ie, five leukocytes per endothelial cell or as indicated); C, phorbol myristate acetate (PMA, 40 ng/mL) (Sigma); D, recombinant IL-lB (rIL-lD) (10 U/ml; gift from Dr P.T. Lomedico, Hoffman-La Roche, Nutley, NJ; specific activity 5 x lo6 U/mg); or E and F, 24-hour monocyteconditioned media either untreated (E) or heated for 15 minutes at 8OoC (F). As a control, leukocytes (2 x lo5 cells/well) were incubated on collagen gels or fibronectin in the absence of endothelial cells. All incubations were run in quadruplicate.
(11). To study whether the monocyte-mediated increase of endothelial PAI-1 production was mediated by cell-cell contact or by short living secretory products of monocytes, coculture experiments were performed. In these experiments, endothelial cells were cultured on collagen in 24-well plates (0.4 mL collagen/well). Monocytes were either directly added to the endothelial cell monolayers or monocytes were incubated in 6.5 mm transwell porous cell culture inserts (0.4 pm pore size, no. 3408; Costar), at a distance of 1.5 mm from the endothelial cell monolayer. The final volume of the lumenal compartment in these experiments (11) was 1.0 mL.
Sampling Technique
Samples from the lumenal and the subendothelial compartment of endothelial cells grown on collagen lattices were taken as follows: The medium on top of the endothelial cells (0.25 mL for I and 1.0 mL for 11) was collected and subsequently centrifuged to remove floating cells ("lumenal medium"). After collection of the lumenal medium, the complete, intact endothelial cell monolayer was harvested by incubation with 0.1 mL of collagenase (100 U/mL; Worthington Biochem Corp, Freehold, NJ) for 10 minutes at 37OC. The endothelial cells were then lysed by repeated freezing and thawing and were dissolved in 200 pL of serum-free medium (endothelial cell fraction). The remaining collagen matrix was digested by further collagenase treatment (2 hours at 37OC) (subendothelial medium). PAI-1 was determined in the lumenal medium, in the endothelial cell fraction, as well as in the subendothelial medium. To study whether PAI-1 was bound to the subendothelial matri~:~**~ PAI-1 was also determined after centrifugation (2 minutes at 8,OOOg) of the collagen gels together with the overlying endothelial cell monolayer. PAI-1 was measured both in the supernate of the collagen/endothelial cell pellet (interstitial medium) and in the collagen/endothelial cell pellet (cell-plus-matrix fraction). The cell-plus-matrix fraction was solubilized by freezing and thawing and subsequent digestion with collagenase (50 pL 100 U/mL at 37OC for 2 hours). Serum-free medium was added to a final volume of 150 pL.
Endothelial cells cultured onfibronectin. The medium on top of the endothelial cell monolayers grown on fibronectin was collected as described for endothelial cells cultured on collagen gels.
All samples (ie, samples derived from endothelial cells cultured on collagen and fibronectin) were immediately stored at -2OOC. PAI-1 was measured after incubation of the samples for 6 hours at 37OC. to inactivate residual active PAI-l:5.26 because the PAI-1 assay used detects only latent, inactive, and plasminogen activator-bound PAI-1 (see below). The PAI-1 determination was also performed after the addition of two-chain tissue type plasminogen activator (tPA, 1 pg/mL; Bio-Pool, Hornefors, Sweden).
PAI-1 Immunoradiometric Assay (IRMA)
Two monoclonal antibodies (MoAbs; CLB-1BIO and CLB-lC3) directed against human PAI-1 were used in the PAI-1 IRMA. These MoAbs recognize both the latent conformation of PAI-1 and
Endothelial cells cultured on collagen.
tPA/PAI-1 complexes.*' MoAbs CLB-1BlO and CLB-IC3 (both of the immunoglobulin [Ig] G1 subclass) were purified by solid-phase absorption on a protein A Sepharose colomn (Pharmacia, Uppsala, Sweden). MoAb CLB-IC3 was coupled to cyanogen bromide (CNBr)-activated Sepharose-4B (Pharamacia) diluted in PBS with 0.01% (vol/vol) Tween-80 (Sigma; final concentration 10 pg of IgG per milliliter of CNBr-activated sepharose buffer), and 300 pL of this suspension was put in polystyrene tubes. Fifty microliters of the samples (see sampling technique) were added to the tubes. To reduce nonspecific binding to the beads, bovine serum albumin (BSA, Bethesda Research Laboratories, Rockville, MD) and EDTA (Sigma) were added to a final concentration of 0.01% (wt/vol) and 5 mmol/L, respectively. '*'I-labeled anti-PAI-1 MoAb (1B10; 50 pL per tube; 1 x lo6 cpm/mL) was added, and the samples were incubated end-over-end for 24 hours at room temperature. After extensive washing, the bound radioactivity was assayed in a gamma counter. Purified human PAI-1, isolated from 24-hour endothelial cell conditioned medium:' containing 0.77 pg PAI-l/mL, served as a standard. Sensitivity of the assay was 0.03 pg PAI-l/mL. Treatment of samples for 2 hours with collagenase did not affect the antibody binding capacity of PAI-1, either from purified PAI-1 or PAI-1 released into the medium by endothelial cells (not shown).
RESULTS
Endothelial cells maintained under quiescent conditions
produced substantial amounts of PAI-1, which was present both at the lumenal and the subendothelial side of the endothelial cell monolayer (Fig 1, A bars) . If one corrects for the amount of PAL1 already present in the basal compartment at the onset of incubation, the amount of PAI-1 accumulated at the lumenal side was about twofold higher than that at the subendothelial side (about 2.0 pg PAI-1/106 cells and 1.1 pg PAI-1/106 cells, respectively, per 2 4 hours). T h e fluid phase of the collagen gel (interstitial medium; Fig  1, dotted A bars) , collected by centrifugation of the endothelial cell monolayer and collagen gel, contained more than 80% of the total amount of PAI-1. T h e latter was determined after solubilization of the gel by collagenase digestion (Fig 1,  open plus dotted A bars at the bottom). T h e total amount of PAL1 associated with the cells and matrix (the cell-plusmatrix fraction) was about 0.5 pg of PAL1 per lo6 cells, and this amount did not change during the first 2 incubation (data not shown). In the endothelial cell fraction, harvested by means of a short collagenase digestion, PAI-1 was not detectable even after 2 days of incubation. The PAL1 antibodies used in the present study only recognize latent, inactive PAI-1, and complexed bound PAI-1, but not PAI-1 in its active form. When samples were incubated for 6 hours at 37OC with an excess amount of tPA (1 pg/mL) and PAI-1 was subsequently measured, no differences with untreated samples were observed. Apparently, active PAI-1, if was already converted into an inactive and/or complexed form.
Addition of freshly isolated human monocytes (2 x los monocytes/well) to the endothelial cell monolayers resulted in a marked increase of PAI-1 accumulation at both the lumenal and the subendothelial compartments (85% and 42% increase, respectively, after 24 hours of incubation; Fig  1, B bars) . The monocyte-mediated enhancement of endothelial PAI-1 release was dose dependent, reaching a maximum at the ratio of five monocytes per endothelial cell ( Table 1) . The ratio of 40 monocytes per endothelial cell resulted in a decrease of endothelial PAI-1 production, which was caused by cell death (measurement of lactatedehydrogenaserelease). Control experiments showed that monocytes did not release detectable amounts of PAI-1. Therefore, it seems likely that the endothelial cells are responsible for the polar PAI-1 accumulation. The monocyte-mediated increase was first detected 12 hours after addition of the monocytes and lasted for at least 48 hours. Monocytes induced a small increase in the amount of PAL1 associated with cells and matrix (ie, collagen fibers and endothelial cells). This increase was first detected after 12 hours (0.5 It 0.01 and 0.7 0.02 pg PAL1 per lo6 endothelial cells in the absence and presence of monocytes, respectively; data not shown).
The stimulatory effect of monocytes on endothelial PAI-1 release appeared to be monocyte specific, because freshly isolated lymphocytes and neutrophils did not affect endothelial PAI-1 production ( Table 1) . The amount of PAI-1 present at both the lumenal and the subendothelial medium was also increased by rIL-1j3 (65% and 38% increase, respectively, after 24 hours of incubation; Fig 1, D bars) . Similar to the monocyte-mediated PAI-1 secretion, the IL-1-induced secretion lasted for at least 48 hours. The phorbol ester PMA, on the other hand, had no effect on the PAI-1 secretion (Fig 1, C bars) .
To investigate whether direct cell-cell contact or secretory products of monocytes affected endothelial PAI-1 secretion, endothelial cells were also incubated with the conditioned medium of monocytes (Fig 2) . These studies showed that monocyte-conditioned media also increased endothelial PAI-1 secretion, although to a lesser extent than monocytes that were in direct contact with the endothelial cells (ie, 40% and 15% increase for conditioned media v 94% and 54% increase in the presence of monocytes after 24 hours of incubation to the lumenal and the subendothelial side, respectively; Fig 2,  open and solid bars) . The stimulating effect of the monocyteconditioned media on PAI-1 secretion was caused by heatlabile products in these media, because the stimulatory effect was abolished upon heating of the conditioned media for 15 minutes at 80°C (Fig 2, striped bars) . Coculturing of endothelial cells and monocytes at a distance of 1.5 mm also resulted in a much less pronounced enhancement of endothelial PAI-1 production as compared with that of direct cell-cell contact (Table 2) .
To compare our findings on PAI-1 secretion of endothelial cells grown on collagen lattices with those of endothelial cells cultured by conventional methods, similar experiments were performed with endothelial cells grown on fibronectin-coated dishes. The amount of PAI-1 released into the medium on top of endothelial monolayers grown on fibronectin (Fig 3) was in the same order of magnitude as the amount of PAI-1
For present in the lumenal medium of endothelial cells grown on collagen matrices (Fig 1 ; A bars) .
DISCUSSION
Endothelial cells cultured on a loose collagen lattice allow simultaneous analysis of samples from the lumenal medium, the endothelial cell monolayer, as well as the ablumenal compartment. Therefore, this culture system permits a more complete analysis of endothelial cell function than is provided by conventional cell cultures using impermeable, fibronectin-, or gelatin-coated dishes as endothelial growth PMA I40 ng/mL) (0-0); or rlL-16 (10 U/mL) ( -
Values are means f SEM of three independent experiments performed in quadruplicate.
substratum. Experimental evidence in support of this view is provided by, eg, a previous study from our laboratory, which shows that endothelial cells on top of a collagen gel secrete von Willebrand factor in a polar way. '6 The current studies establish that under quiescent conditions the rate of PAI-1 accumulation a t the lumenal side was about twofold higher than that at subendothelial compartment (Fig 1, top and bottom bars) . However, it should be noted that not only secretion but also active transendothelial transport or diffusion contributes to the accumulation of PAI-1 in each compartment. This might explain why the PAI-1 concentration in both compartments was identical after 24 hours of incubation. Both lumenal and subendothelial PAI-1 accumulation showed a linear increase within the time. Similar results, ie, the amount of PAI-1 released into the lumenal medium and the kinetics of PAI-1 accumulation, were obtained when endothelial cells were grown on fibronectin instead of collagen matrices.
Less than 20% of the amount of PAI-1 accumulated at the basolateral direction was associated with the extracellular matrix and endothelial cells. This seems in contrast to previous s t~d i e s , *~-~~ which show that PAI-1 secreted into the basolateral side is predominantly associated with the extracellular matrix. However, it should be noted that different cell culture systems were used which, unlike the present "vessel wall model," do not permit accurate analysis of PAI-1 accumulation a t the basal side in soluble form.
Another novel feature of the endothelial cell culture system examined here is the effect of monocyte adherence on the bidirectional release of PAI-1. First, adherence of highly purified monocytes to endothelial cells enhances the PAL 1 release by endothelial cells in a dose-dependent way. Lymphocytes and neutrophils did not influence endothelial PAI-1 release, indicating that the observed increase of endothelial PAI-1 production is monocyte specific. The monocyte induced PAI-1 release was first detected after 12 hours and showed a linear increase in time, lasting for a t least 48 hours. Secondly, we also observed that the extra amount of PAI-1 accumulated a t the lumenal side in the presence of either For personal use only. on October 23, 2017. by guest www.bloodjournal.org From monocytes or IL-1 was twofold higher than the extra amount accumulated a t the basolateral side under the same conditions. Preliminary studies on the rate of exchange of macromolecules between the two compartments, in which radiolabeled albumin and fibrinogen were added to the lumenal side, showed that after 4 hours of incubation only 7% of the radioactivity was recovered in the subendothelial compartment, whereas after 24 hours the radioactive tracer had equilibrated between the two compartments (B.C. Hakkert, unpublished results, 1990 ). Similar results were obtained by Taking these latter findings into account, together with the observations that: (1) monocytes do not produce detectable amounts of PAI-1"; (2) PAI-1 is continuously secreted by endothelial cells; and (3) the monocyte-mediated increase of endothelial PAI-1 release is first detected after 12 hours of incubation, it seems most likely that monocytes induce polar release of PAI-1 by endothelial cells.
Heat-labile products from monocyte-conditioned media also enhanced the bidirectional accumulation of PAI-1, although to a lesser extent than adherence of monocytes to endothelial cells (Fig 2) . Similarly, the studies on the effect of monocytes separated from endothelial cells by a microporous filter ( Table 2 ) also suggested that the direct interaction between monocytes and endothelial cells plays an important role in controlling the monocyte-mediated increase of PAI-1 secretion by endothelial cells. The adhesion of leukocytes to endothelial cells might indeed be a prerequisite, possibly via a receptor-ligand interaction, for changing the functional properties of endothelial cells. With respect to the latter point, it has been noted that adhesion of neutrophils to surfaces coated with extracellular matrix proteins is a necessity for cytokine-mediated enhancement of hydrogen peroxide release.33 Interestingly, the adherence-dependent release of hydrogen peroxide could be blocked by MoAbs directed against the CDll/CD18 i n t e g r i n~.~~ The CD18 complex also plays an important role in the stimulusenhanced neutrophil and, although to a lesser extent, monocyte adhesion to and diapedesis through endothelial cell monolayer^.".'^ Whether the CD11/CD18 complex is also involved in the monocyte-mediated PAI-1 secretion requires further studies.
Our studies with the conditioned media and microporous filters showed that not only cell-cell contact but also, although to a lesser extent, secretory products from monocytes contribute to the enhanced production of PAI-1. The release pattern induced by the monokine IL-1 closely resembled that observed for monocytes. Our data on IL-1-mediated PAI-1 release confirm and extend previous report^"^^^ by showing that IL-1 also enhances the PAI-1 accumulation a t the ablumenal side of endothelial cell monolayers. Considering the effects of IL-1 on endothelial PAI-1 release, it should be mentioned that the adherence of monocytes to a surface markedly enhances the expression of membrane-associated IL-1 without affecting the release of extracellular IL-l.35 It seems likely that this latter phenomenon contributes to the differences we observed between direct cell-cell contact and secretory products from monocytes on endothelial PAI-1 release.
It has been postulated that matrix-associated PAI-1 plays an important role in the protection of subcellular matrices from damage by cellular proteases released during inflammation, wound healing, and thrombo~is.'~~~*~' Knudsen and Nachman3' recently noted that PAI-1 may be involved in the control of cellular movement, causing migratory cells to arrest a t the appropriate location. Our findings on monocytemediated PAI-1 release might imply that endothelial cells play an active role in cell migration and protection of the extracellular matrix from, eg, monocyte-mediated damage. On the other hand, as monocytes tend to accumulate underneath endothelial cell monolayers for prolonged periods during the development of atherosclerotic lesions,'.' the monocyte-mediated enhancement of PAI-1 production may also contribute to the local deposition of fibrin observed under these conditions.
